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Although most known non-Fermi-liquitNFL) materials are structurally or chemically disordered, the role
of this disorder remains unclear. In particular, very few systems have been discovered that may be stoichio-
metric and well ordered. To test whethesNi;Sn, belongs in this latter class, we present measurements of the
x-ray absorption fine structure of polycrystalline and single-crysgiikBn, samples that are consistent with
no measurable local structural disorder. We also present temperature-dependent specific heat data in applied
magnetic fields as high as 8 T that show features that are inconsistent with the antiferromagnetic Griffiths’
phase model, but do support the conclusion that a Fermi-liquid/NFL crossover temperature increases with
applied field. These results are inconsistent with theoretical explanations that require strong disorder effects,
but do support the view thatdMi;Sn, is a stoichiometric, ordered material that exhibits NFL behavior, and is
best described as being near an antiferromagnetic quantum critical point.
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I. INTRODUCTION In addition, even though these theories all use a single mag-
netic interaction strength between thand the conducting
U;sNisSny, displays characteristic non-Fermi-liquid behav- electrons(as opposed to a distributipnthe first-discovered
ior (NFL).! For instance, the low-temperature magnetic susNFL systems also contain some form of lattice disorder, usu-
ceptibility y diverges ag ~ %3, the leading coefficient for the ally in the form of chemical substitution. This raises the pos-
electronic term in the specific heai=C,/T varies as  sibility that lattice disorder plays an important role in NFL
—T9%5 and the resistivity varies &"’°. Such behavior is at physics. In fact, a broad distribution of effective moments
odds with the standard Fermi liquitFL) description f¢ has been observed in several systefiier instance,
~Cgq/T~const., Ap~T?) of Landauw? The present study CeRhRuSi (Ref. 12 and UPdCy (Ref. 13]. These facts
attempts to differentiate between the applicability of variousprompted researchers to consider the role of “magnetic in-
theoretical models describing NFL behavior in this systenteraction disorder” as a microscopic origin for non-Fermi-
by searching for the presence of local lattice disorder andiquid effects. One simple theory utilizes only Fermi-liquid
measuring how the electronic part of the specific heat is afeoncepts with a distribution of Kondo interactions, and is
fected by applied magnetic fields. known as the “Kondo disorder model(KDM).3* Other
Current models describing NFL behavior fall into a few models that consider disorder in the vicinity of a zero-
general classes, including those that invoke close proximityemperature fixed point are known as Griffiths’ phase models
to a zero-temperature phase transition, competition betweemote that the KDM is also a Griffiths’ phase model, but is
interactions such as Ruderman-Kittel-Kasuya-Yosidanot usually classified as suchThese include the Griffiths’-
(RKKY) and Kondo effects, and those that include magneticMcCoy singularities that occur in a disordered Kondo sys-
interaction disorder. For instance, non-Fermi-liquid behaviotem, but whose properties mainly derive from local antifer-
in the high-temperature superconductors and in some of themagnetic RKKY interactions within only a few
heavy fermion systems has been postulated to be due to tléusterst>® Another possible origin of a Griffiths’ phase oc-
proximity of these systems to a zero-temperature magneticurs when disorder-induced Anderson localization occurs in
phase transitiod.We will refer to such models as antiferro- the vicinity of a metal-insulator transitiod. To clarify the
magnetic or ferromagnetic quantum critical poiAt--QCP  discussion, we will refer to the former model as the antifer-
or FM-QCP models. Indeed, a number &lectron com- romagnetic Griffiths’ phase, or AF-GP, and to the latter
pounds and alloys have been described as near a QCP, baseddel as the metal-insulator-transition Griffiths’ phase, or
on the entry of a system into a magnetic phase with increasdMIT-GP.
ing applied pressure or via chemical substitutitchemical Although most known NFL materials have some intrinsic
pressure’.* Millis ® and other$™® have developed the theory disorder, a few have recently been identified that appear to be
of critical fluctuations at temperatures above such astoichiometric and structurally well ordered at ambient pres-
magnetic/nonmagnetic QCP, building off earlier work bysure. Some examples include YbfSi,® CeNyLGe,,°
Hertz° The proximity of a magnetic phase is not necessaryCeColn;,?° and U;Ni;Sn,.* Although some of the physical
to obtain an NFL state, however. For instance, a multichanproperties of these systems agree with those predicted by the
nel Kondo modéf also exhibits non-Fermi-liquid properties. QCP model proposed by Millnone of these materials dis-
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play properties that completely agree with it. In addition, it isto detect using standard diffraction techniques. For instance,
difficult to uniquely differentiate between “pure” QCP mod- if disorder occurs in a nonperiodic fashion, such as in amor-
els and Griffiths’ phase models, especially since the Griffithsphous regions or very small domains, only a local structural
models have critical exponents that depend upon the degrgeobe such as x-ray absorption fine-structt¢AFS) or pair-
of disorder in a way that is presently impossible to quantita-distribution function analysis of powder diffraction data will
tively relate to experimental measures of disorder. be sensitive to it. In addition, no temperature-dependent
Careful consideration of the disorder-based and the puretructural studies have been performed, and disorder broad-
QCP models involves comparisons both of electronic andning of the mean-squared displacement paraméberisye-
magnetic properties to theory, and thorough characterizatioWaller factor$ can easily be confused with large vibrational
of the degree of structural and magnetic order of the samplesmplitudes. Therefore, we have undertaken a direct test of
The WNizSn, situation is complicated by the fact that the degree of structural order insNizSny using XAFS spec-
U;Ni3Sn, has been shown to have a Fermi-liquid groundtroscopy. Although some technical issues limit the accuracy
state below about 0.4—0.5 K, with NFL behavior occurringof the estimated maximal disorder levels as detailed below,
above this crossover regihRegardless, in the NFL region, our measurements are consistent with no disorder within ex-
the electrical resistivity goes dsp=p(T)—po~T*"%1 This  perimental error, for both single crystals and polycrystals,
dependence is roughly consistent with the AF-QCP result obased on temperature-dependent data from all three investi-
Ap~T5 if one allows for the possibility, as discussed in gated absorption edges.
Ref. 9, that the non-Fermi-liquid regions of the Fermi surface As implied above, merely having the lattice tmeasur-
only occupy so called “hot lines” where magnetic scatteringably) well ordered may not rule out magnetic interaction
dominates, and that the rest of the Fermi surface constitutesdisorder. Since the Griffiths’ phase models only require very
Fermi-liquid regime that could dominate the conductivity. few clusters to be dominated by one of the competing inter-
The experimental magnetic susceptibiligfT) diverges as actions, such clusters may only have a negligible effect on
T93 although the lowest measured temperature is 2 K. AFthe average lattice disorder in a real material. In addition,
QCP systems should vary ag(T)*lzxalJrcTa, with a some heretofore more subtle Kondo disorder mechanism
<1, such as in the case of CeGAuy;.2° The U;NisSn, may still be applicabldfor instance, if large fluctuations in
data can also be fit with this form, although the accuracy othe conduction electron density of states accompany fluctua-
the final result ¢=0.3+0.2) is limited by the measured tions in the hybridization strength in the presence of lattice
temperature range. In any case, the magnetic susceptibiliisordef®). In any case, the AF-GP model makes quantitative
data can also be interpreted as consistent with the AF-QcCiPredictions regarding the magnetic-field dependence of cer-
The electronic part of the specific heat is also consistent wit/@in properties, including the specific heat. Below we com-
the AF-QCP, varying as a€q/T~—T%% Alternatively, —Pare such meas_,urements to the AF_—GP predictions and find
these results can be self-consistently explained with afl€y are inconsistent. Instead, we find these data are more
AF-GP phas¥ ! and a critical exponent af =0.7, which ~ consistent with the presence of a low-lying magnetic phase.
produces comparably good fits to the d&tdn addition, The rest of this paper i§ orggnized as follow; The XAFS
these data are qualitatively consistent with the two-channdi€asurements are described in Sec. I, including a descrip-
Kondo modef*~27 although fits using this model require an tion of the sample preparation and the XAFS technique. Sec-
unrealistically high spin-fluctuation ener§€omparisons to  tion Il relates the results from the measurements of specific
the KDM are not favorable either, since the KDM predictsneat as a function of temperature and applied field. All of
logarithmic divergences of the magnetic susceptibility andhese results are discussed in relation to the various NFL
specific heat and a linear temperature dependence of tﬁgeorles in Sec. IV, and the final conclusions are summarized
electrical resistivity, all of which are clearly at odds with the IN S€c. V.
experimental data. In addition, measurements at applied
pressures up to 1.8 GR®ef. 28 indicate that the low- Il. XAFS MEASUREMENTS
temperature FL ground state okNi;Sn, extends to higher A. Background
temperatures with increasing pressure. A scaling analysis of ) ) ) -
the FL/NFL crossover temperature as a function of applied UsNizSm crystallizes into a bce structure, in thd3d
pressure strongly implies a magnetic critical point at asPace group with the room-temperature lattice parameter
negative-pressure that has been estimated —&2.04 9.3524 A and a position parameter0.082 describing the
+0.04 GPa. Sn (1) site (Fig. 1).2° The near-neighbor shells are fairly
Although the measured properties 0gNJ;Sn, do not we_II separa_\tec(Fig. 2). For instance, U has four_ nearest-
clearly support any of the various NFL models, there is littlen€ighbor Ni's at 2.86 A, followed by eight Sn neighbors at
evidence to suggest that any disorder exists in this systens;24 A. Ni has four Sn neighbors at 2.61 A, and four U
which is inconsistent with both the KDM and Griffiths’ neighbors at 2.86 A. Sn has three Ni neighbors at 2.61 A,
phase models in spite of their agreement with thermal anée!lowed by six U neighbors at 3.24 A, and three Sn neigh-
magnetic data. In particular, single crystals of the materiaPors at 3.50 A.
form, and x-ray diffraction studies of available crystals show
the material to be consistent with the nominal stoichiometry.
Moreover, the residual resistivity is as low asuf) cm.! Three of the samples are polycrystalline with nominal
Nevertheless, some forms of lattice disorder can be difficulstoichiometries ~ YgNiz oSy o, U, Niz oShs g, and

B. Experiment
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FIG. 1. Crystal structure of {NizSn,. Black balls represent
uranium, gray tin, and white nickel. The material is bcc with space

groupl43d anda=9.3524 A.

Us Nig 1 Sngg. Two single-crystal samples were also mea- (C)
sured with nominal stoichiometries of 3gNizSn, o and
U, Niz oShs g. The stoichiometries of the single crystals has
been confirmed by single-crystal x-ray diffraction measure-
ments and are, in fact, the same samples as those reported in
Ref. 1. Polycrystalline sample stoichiometries are only nomi-
nally based on the composition of the starting materials.
However, we believe they are accurate given that the sample
weight losses from arc melting were always the order of a
few tenths of a percent or less, and could be entirely attrib- FIG. 2. Near-neighbor coordinations of tfe) uranium, (b)
uted to a tendency for sample boules to spall on the surfac@ickel, and(c) tin sites. See Sec. Il A for details.
or shatter when first struck with the arc discharge. Uraniu
has an extremt_aly low vapor pressure_durmg. arc melting, an bsorption that is proportional to the number of generated
noteworthy weight Ioss_,gs of Sn or Ni m{:\terlal were not Ob'photoelectrons. The wave vector is defined &s
served at any composition near the desired stoichiometry. — J2mu TR (E—Ey). The photoelectron threshold

All XAFS data were collected on beam lines 4-1 and 4-3. Me/7~( o). The photoelectron threshold eneigy

at the Stanford Synchrotron Radiation Laborat¢8SRL) is defined arbitrarily as the energy at the half-height of the
using half-tuned $220) double monochromator crystals. edge, and is allowed to vary in subsequent fits. Examples of

Samples were placed into a LHe flow cryostat. Polycrystal—the kx(k) data are shown in Fig. 3 for the polycrystalline

line samples were ground into a fine powder under acetonéamples' Data on single crystals are similar, both in quality

. and quantity.
assed through a 40m sieve and brushed onto scotch tape, . . )

\F/)vith stackedglayeff such that the total thickness of epach The sca?termg amplitudes are all f'.x edepSS, whereN;
transmission sample corresponded to a change of about ofie € nominal number of ne|gr21b_ors in thi shell for the
absorption length at each measured edge. Data for the polyiichiometric compound, ang; is the XAFS amplltuzde
crystals were collected at various temperatures between 20 #cale factor. Each data set was fit with a single valu&pof
and 300 K at the UL, and SnK edges in transmission assuming full nominal site occupancies. All scattering paths
mode, and at the NK edge in fluorescence mode using aalso share a single value &f,. In the case where multiple
four-pixel Ge detectot* Single crystal data were collected at temperatures were collected, average valueSioand E
20 K at the UL, and the Sn and NK edges in fluorescence Wwere obtained and then held fixed for all temperatures for a
mode. Several scans were obtained for each sample at eaglven edge. Fixind\;, S3, andE, in the final fits drastically
edge and temperature, and were fit separately to crosschetkduces the number of fit parameters, but assigns all lattice
the error estimates. Dead-time and self-absorptioorrec-  disorder effects to either the measured bond lenBths the
tions were applied to the fluorescence data. Debye-Waller factorsr;. In particular, the effect of vacan-

Data were reduced and fit in position space using theies is placed on the Debye-Waller factors. Meas@édnd
RSXAP package>~*In particular, the XAFS functioy(k) is  E, values for both the single-crystal and the polycrystalline
defined asu(k)/ug(k)—1, whereu(k) is the absorption data are the same within experimental error. Reported error
coefficient as a function of the photoelectron wave vegtor estimates use the larger of either a Monte Carlo estimate of

nd we(k) is the so-called “embedded atom” background
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FIG. 3. XAFS data for the three polycrystalline samples. Single- ~ FIG. 5. Fourier transforms of thie’x (k) XAFS data for the
crystal data are quantitatively similar. Data from the varioushominally UNisSn, single crystal. Data for the nominally

samples are very similar, and so are difficult to differentiate in theUsNizSn polycrystalline sample with the same transform ranges
plot. are shown for comparison. U and Sn transforms are fiom

=3.0-13 A1, while the Ni transform is from 2.5-12.07&, all

the one-standard deviation displacemégssentially equiva- Gaussian narrowed by 0.3°A.
lent to a covariance matrix without having to assume that the . . .
statisticaly? is quadratic near its minimumor the width of ~ the Polycrystalline Y(Nis ;Sns o Sample consistently show a
the distribution of parameters obtained by fitting the indi_reduced amplitude compared tg fli; Sy o at all tempera-

vidual scans at each temperature. Reported errors are gen&ffes' consistent with some disorder or the presence of an
amorphous phase containing those elements. Although these

ally consistent with those obtained from comparisons to stan;,

: . L differences are above the signal to noise, it is not possible to
dard compounds, typically-0.005 A in pair distance and discern their exact cause from the fit results listed below.

+10-20% inc® for near neighbors, with the error roughly piferences between the polycrystalline and the single-

. 4
doubling after about 3 A’ crystal data(Fig. 5) are similar in magnitude, but complica-
tions with analyzing single-crystal data, such as dead-time
C. Results and self-absorption corrections, are very likely the cause.

Figures 4 and 5 show the Fourier transforf&r) of The basic procedure used here for searching for lattice
isorder is to carry out fits assuming the nominal structure,

k3x (k). Peaks in the FT’s correspond to near-neighbor pair ! : : X .
distances in the local structure. Although these functions ark'€n €xamine certain parameters for signs of disorder. In the
closely related to the radial distribution function, there are, its, each d'Sth.t scattering shell in the n_ommal structure out
. , X ’ “"“to about 4.7 A is used at each edge. Fit results to the data
some |inpo.rtant differences. For mstan.ce, constructlveirom the polycrystalline samples are reported in Table |, and
dest_ructlv_e interference can qcc(lhe functlons have regl are compared to results from diffraction measurements. The
and imaginary parjsthe scattering profiles are not Gaussian, quality is very high; examples are shown in Fig. 6. Al-
and phase shifts occur that. place the peaks at distances in tﬂﬁ)ugh all the polycrystalline data were collected as a func-
FT's that are shorter than in the structure by an amount reion of temperature, we only show the fit results for the cold-
lated to the species of absorber and backscatterer. All theﬁ%t measured temperature_ No Significant Changes in the fit
complications are included in the detailed fits below. Transparameters occur with temperature, except that the Debye-
mission data were collected out tkg.,—= 15 A and fluores- Waller factors increase in a manner consistent with the
cence data were collected out toka.,—=13 A. Figure 5 correlated-Debye mod¥l plus a temperature-independent
shows a comparison between the single-crystal and polycrysffset o2,,.. Such offsets can be used as indicators for non-
talline data for the YNi; S o samples using the same thermal disorder(a prime example occurs in the colossal
transform ranges. magnetoresistance manganese perovskjteResults for the
There are visible differences between the various data setorrelated-Debye temperatuf®,, and o2 are shown in
for a given edge. In particular, the Ni and 8redge data on Table I. We see no evidence fari,. values inconsistent
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FIG. 4. Fourier transforms of thk®y(k) XAFS data for the FIG. 6. Examples of the fits to th@) U L;- and the(b) Sn

p0|ycrysta||ine Samp|es_ U and S[transmissioh transforms are K-edge pOlnyySta”ine data. Each transform is represented by three
from k=3.0-15 A L, while the Ni(fluorescencetransform is from  lines. The inner oscillating line is the real part of the complex trans-

2.5-12.0 A1, and all transform windows are Gaussian narrowedform, while the envelope lines are the amplitude of the trans-
by 0.3 A1 form. Vertical dotted lines show thespace fit range. Transform

ranges are as in Fig. 4.

with zero disorder. Note that the preponderance of small, = i
negative values Offétatic are unphysical and likely due to stoichiometry well(Table )). In any case, since there are no

small underestimates (SS easily visible peaks corresponding to, say, the Sn site in the

Fit results to the single-crystal data were found to be theU data(Figs. 4 and  we conclude that there is probably

same as results from the polycrystalline data within the errof V" less site mtercha_nge_ tha_n aII_ovyed for by the upper lim-
|{s reported above. This situation is in contrast to that in the

estimates, and so are not reported here. No evidence for | IPACL svsten?® In anv case. the sinale-crvstal diffraction
tice disorder is observed, as exemplified by the consistent?}zj o Sy ’ y ' 9 y

low values of the nearest-neighbar®s for the low- mejgIrfémsohrzutlr?aﬂOéf;ac;/fesggr)]diwtzsg;hs:r?hehcl)?;gu?:a“ty fits if
temperature fits. 0 g .

Finally, we consider the possibility of site interchange or
site/antisite disorder. This possibility is very remote, how- Ill. FIELD-DEPENDENT SPECIFIC-HEAT
ever, given the big differences in the radii of the atoms in- MEASUREMENTS
volved, except for Sn/U interchangeovalent radii are 1.42
A, 1.15 A, and 1.41 A for U, Ni, and Sn, respectively
Unfortunately, fitting the Sn and U XAFS data including  The heat capacity measurements were performed using a
some U/Sn interchange gives only a broad ressit9 Physical Property Measurement SystéQuantum Design
+10%, wheres is the percentage of Sn sitting on U @2 The temperature was controlled by a Cernox thermometer.
sites. Fits including U/Ni and Sn/Ni site interchange wereThe temperature error is 1% 4K and 9 T. The heat capac-
similarly imprecise. The principal difficulty in using XAFS ity software uses Quantum Designs’ “twd-model to mea-
(or diffraction, for that matterto measures between two  sure the heat capacity of the sample. The twmodel simu-
atomic species is the correlation betwesand the Debye- lates the effect of heat flowing between the sample platform
Waller factors for each site. His sufficiently large, some of and sample, and the effect of heat flowing between the
that uncertainty is removed. This unfortunate situation is bestample platform and thermal bath.
illustrated by looking at the polycrystalline data in Fig. 4.
These various samples have different stoichiometries, and
obvious systematic differences in the XAFS Fourier trans-
forms are visible that certainly are at least partially due to the The specific heat of a 4{Ni;Sn, single crystal from the
various “site interchanges.” However, they all fit a 334-type same batch as the XAFS sample was measured between 1.8

A. Experiment

B. Results
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c 1o A IDDDDNVNVNNVDVDNZZZZZ at any field given in Ref. 16,
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whereA is the cluster tunneling energy,, is the tunneling
energy for a single atong is 1kgT, andé is the percolation

@
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mentally measured before, since this factor represents inelas-
tic losses and errors in the theoretical backscattering ampli-
tudes that only weakly depend on an individual system.
Indeed, our measurements fall within acceptable rafity&s.
Second, the temperature dependence of the Debye-Waller
factors can be compared to a correlated-Debye model, with
large offsets indicative of statig.e., nonthermaldisorder or
distortions. In all cases, we see no abnormally large offsets.
Third, the measured pair distances should be reasonably
close to those measured by diffraction, which is consistent
with our measurementgTable ). Fourth, various site-
interchange possibilities should be considered, such as U sit-
ting on the(nominally) Sn (160 site. Although these fits are
not particularly sensitive to such interchanges, our measure-
ments are consistent with no site interchange. Finally, the
results from the single-crystal and the polycrystalline
samples are virtually identical. Together with the single-
crystal diffraction results, we must conclude that the
U3NizSny system is structurally well ordered, and is much
more ordered than, say, the UPdCsystent’*° Although
such crystalline order does not rule out some other source of
magnetic-interaction disorder that might be consistent with a
Kondo disorder model or a Griffiths phase model, it certainly
rules out extensive lattice disorder. In addition, although
these structural studies cannot rule out the presence of small
amounts of disorder, previous work within the simplest form
of the Kondo disorder model has shown that significantly
more disorder would have to be present for that model to
work (in UPdCu, for instance, Ref. 40 estimates that at least

exponentEy, is the magnetic energy of a given cluster, ar]dO.OOZ R of static disorder is necessary to produce NFL be-

is given by

En(A)=qus

¢

w
0 H,

1I
BTy

havior from the KDM.
Even with small, undetected amounts of disorder, Grif-

fiths’ phase models may be capable of describing the physics
in this system. In the AF-GP model, for instance, the exact

whereq gives the magnitude of the average moment within arelationship between the required degree of disorder as mea-
cluster, andp=1(1/2) for ferromagneti¢antiferromagnetic =~ sured by the number and distribution of antiferromagnetic
interactions. For our datay~0.7, the percolation scaling clusters and the physical properties remains unclear. How-
exponent for three dimensions with no magnetic ordef is ever, the AF-GP model makes very clear predictions about
=3/2, and¢=1/2. The tunneling frequency cutotb, is  the evolution of the specific heat with applied magnetic field.
taken as one of only two fitting variables, with the other We show in Sec. Il that these predictions do not describe the
beingq/y?, which we apply as a single variable. By taking observed features. Until more precise, measurable predic-
the ratioC4(H=8T,T)/C.(H=0,T) (valid at all fields and tions relating disorder to physical properties are obtained, we
temperatures we eliminate the coefficienf. Using this  conclude that disorder presents at best a small perturbation to
form, we find that no combination of fitting variables pro- this system. Of course, some other specific-heat anomaly of
duces a satisfactory fit. For example, Fig. 8 shows a typicalinknown origin may be responsible for the observed change
calculation where the parameters were chosen to give a pedik the FL/NFL crossover temperature with field. However,
in Co(H=8T,T)/Cy(H=0,T) in the vicinity of the ob- without any possible candidates for such an anomaly, these
served peak. This “fit” produces far too large a peak com-results leave the AF-QCP theory as the only current alterna-
pared to the peak in the data. The best fit actually places thiéve.

Schottky-like anomaly below the observed range with a very There are other requirements for an AF-QCP theory, of
small effective moment ~1/100th of that from course. For one, the system must be very near a magnetic/
Ceyod-ag oRNIN). We therefore conclude that the AF-GP nonmagnetic instability. Measurements under applied pres-

model(as posefidoes not describe the physics igNl;Sn,.  sure indicate this instability may exist at a small negative
pressure, based on a scaling of the resistivity behavior. We

IV. DISCUSSION thus expect that if_th_e magnetic phase is antiferromagnetic,
an applied magnetic field will also move the system toward a

Deviations from the nominal structure in the fit results canFermi-liquid regime. The data presented in Fig. 7 indicate
occur in a number of ways. First, the measufédamplitude this system behaves exactly as one expects if the system is
reduction factors should be in a range that has been expeniear a magnetic/nonmagnetic instability, and are therefore
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qualitatively consistent with models that include antiferro-QCP?® Taking all these results together, we have ruled out

magnetism as a competing interaction. the simple form of the KDM and the AF-GP theories. In
addition, the lack of measurable disorder does not favor
V. CONCLUSION other disorder-based theories, such as the MIT-GP. With no

indications to the contrary, we conclude that the best current

In summary, we hav_e mgasurec_j the local structure aroun&escription of UNi,Sn, is that of a system near an antifer-
the constituent atoms indMli;Sn, single crystals and poly-  romagnetic quantum critical point.
crystals as a function of temperature and stoichiometry.
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